Periodontal ligament (PDL) is characterized by rapid turnover and has a remarkable capacity for renewal and repair, playing a pivotal role in periodontal regeneration [13] [14] [15] . Fibroblasts are predominant in the PDL and are characterized by their production and digestion of matrix components such as collagen fibers. These fibroblasts have the potential to differentiate into osteoblasts by activating the canonical Wnt / β-catenin pathway [16] [17] [18] [19] [20] [21] [22] . However, the mechanism of the differentiation of PDL fibroblasts (PDLfs) into osteoblasts is not fully understood. Therefore, the purpose of this study was to investigate whether an increase in the Pi concentration through Pit-1 and Pit-2 is involved in the differentiation of fibroblasts into osteoblasts in human PDLfs (hPDLfs).
Introduction
The concentration of inorganic phosphate (Pi) is tightly balanced both inside and outside of the cell and in the whole organism. Bone is the major storage compartment of Pi, and Pi is necessary for intracellular homeostasis. The intracellular Pi (intra-Pi) concentration is regulated by sodium-dependent phosphate cotransporters. The sodium-dependent phosphate cotransporters, Pit-1 and Pit-2, were expressed in a wide variety of cells and tissues, and are considered to be housekeeping genes at the cellular level [1] [2] [3] .
Some studies indicated that elevation of intra-Pi in vascular smooth muscle cells promotes mineralization of blood vessels [4] [5] [6] [7] . Recent studies revealed that Pi regulates osteopontin expression in MC3T3-E1 preosteoblast cells 8) . Pi plays an essential role in cellular differentiation [9] [10] [11] [12] .
calcification areas in each field was measured using Image-J software (National Institutes of Health, Bethesda, MD). Mean value of 7 images which were chosen randomly were shown. von Kossa staining images were used in this measurement. Experiments were performed triplicate.
Phosphate transport assay
After various incubation times, the cells were washed three times with ice-cold solution (EBSS with 15 mmol/l HEPES adjusted to pH 7.4) at 4°C. The cells were solubilized with 1.0 ml of 0.1 N NaOH/0.1% SDS and ground with an ultrasonic homogenizer (TAITEC Co., Saitama, Japan). Supernatants of homogenized cells were collected as samples. The intra-Pi concentration was colorimetrically analyzed using the Phospha C-test (Wako Pure Chemical Industries, Ltd., Osaka, Japan) according to the manufacturer's instructions.
RNA extraction and cDNA synthesis
Total RNAs were extracted from the cells using NucleoSpin ® RNA (Takara Bio Inc.), and 500 ng total RNA was reverse transcribed to complementary DNA (cDNA) using a PrimeScript ® II 1st strand cDNA synthesis kit (Takara Bio Inc.).
Reverse transcription-polymerase chain reaction
Reverse transcription-polymerase chain reaction (RT-PCR) analysis was performed with TAKARA Ex Taq ® (Takara Bio Inc.) using cDNA derived from 100 ng total RNA. PCR conditions were set at 94°C for 1 min, followed by 40 cycles of denaturation at 98°C for 5 s, annealing of specific primers for 5 s, and extension at 72°C for 5 s. Primer sequences are shown in Table 1 . The analyses were performed in triplicate.
Real-time RT-PCR
After incubation, RNA was extracted using NucleoSpin ® RNA (Takara Bio Inc.) according to the manufacturer's instructions. After measurement of RNA concentration, isolated RNA (100 ng each) was reverse transcribed with PrimeScript RT reagent kit with gDNA Eraser (Takara Bio Inc.). Real-time RT-PCR was performed with SsoFast EvaGreen Supermix (Bio-Rad). We chose Pit-1 and Pit-2 and three representative marker genes (Runx2, Osterix, and COL1A1) to assess osteoblast differentiation. Primer sequences are shown in Table 1 . Fold changes in genes of interest were calculated with the ∆∆Ct method using GAPDH as a reference gene. The analyses were performed in triplicate. 
Immunocytochemistry
After incubation with medium, hPDLf-1 was fixed with methanol on ice for 20 min and incubated in normal goat serum (Elite Rabbit IgG Vectastain ABC Kit, Vector, Burlingame, CA, USA) for 60 min. The cells were incubated with the primary antibodies, anti-Pit-1 (1:100; Abcam, Cambridge, MA, USA) and anti-Pit-2 (1:100; SANTA CRUZ Biotechnology), overnight at 4°C, and incubated for 30 min with biotinylated goat anti-rabbit serum, then 30 min with avidin-conjugated horseradish peroxidase (Elite Rabbit IgG Vectastain ABC Kit, Vector). Positive signals were visualized using 0.04% 3,30-diaminobenzidine in 0.05 M TBS, pH 7.4 (Vector). Cells incubated without primary antibody were used as the negative control.
Western blotting
The cells were grown in standard medium. After reaching 70-80% confluence, the cells were washed three times with ice-cold PBS, and the cell lysate was collected using RIPA buffer (Wako). Equivalent amounts of protein (5 µg/lane) were loaded onto 7.5% SDS-PAGE gels, separated electrophoretically, and transferred to PVDF membranes (ATTO, Tokyo, Japan). The membranes were probed with anti-Pit-1 (1:1000; Abcam) and anti-Pit-2 (1:500; SANTA CRUZ Biotechnology) antibodies, followed by anti-rabbit IgG, HRP-linked antibody (1:1000; Cell Signaling Technology, Inc., Danvers, MA, USA). Bound antibodies were visualized using EzWestBlue (ATTO).
Data analysis
The data are presented as the mean and standard deviation (SD) from three independent experiments. Differences among independent groups were analyzed by ANOVA and Tukey's honestly significant difference test using statistical software (ver. 20.0, SPSS Statistics, IBM Japan, Tokyo, Japan). p < 0.05 or p < 0.01 were considered statistically significant.
Results

Expression of Pit-1 and Pit-2 in hPDLfs
Expression of the sodium-dependent phosphate cotransporters, Pit-1 and Pit-2, in hPDLfs derived from three different donors was examined at the gene and protein levels. RT-PCR and western blotting clearly demonstrated the expression of Pit-1 and Pit-2 in hPDLfs (Figs. 1A and  B) . Localization of Pit-1 and Pit-2 was immunocytochemically examined. Expression of Pit-1 and Pit-2 were recognized on the surface of hPDLf membrane and nuclear membrane (Figs. 1D and F) . Figure 2 . Effects of calcification medium and calcification medium with PFA on Pi transport. The Pi transport assay was performed by incubating hPDLfs in the three different media. The concentration of intracellular Pi was significantly increased in calcification medium at 1 day. The Pi concentration was significantly decreased in calcification medium with PFA at all the experimental periods. Data are the means ± SD. The differences were statistically significant ( †p < 0.01) compared with standard medium. The intra-Pi concentration was examined in hPDLf-1. The Pi concentration was significantly increased in calcification medium compared with standard medium at 1 day. On the other hand, the Pi concentration was significantly decreased in calcification medium with PFA compared with standard medium at all the experimental periods (Fig. 2) . The results suggested that intra-Pi concentration is influenced by the three different media, and PFA inhibits the Pi transport into hPDLfs.
Effects of calcification medium and calcification medium with PFA in hPDLfs
At 28 days, calcification was identified by Alizarin Red S staining and von Kossa staining. The hPDLf-1 incubated in standard medium showed a typical spindle shape, and no deposits were detected in the medium (Figs. 3A and B) . In calcification medium, the hPDLfs showed calcification deposits were scattered throughout the extracellular areas (Figs. 3C and D) . Calcification deposits were not observed in calcification medium with PFA (Figs. 3E and F) . Area of calcification deposits was confirmed by the result of ratio of integrated calcification areas (Fig.  3G) . 
Effects of calcification medium and calcification medium with PFA on expression of Pit-1 and Pit-2
Expression of Pit-1 from hPDLfs incubated in calcification medium and calcification medium with PFA was significantly higher than that in standard medium at 12 hours. Then, the expression of Pit-1 decreased in a time-dependent manner (Fig. 4A) . Expression of Pit-2 from hPDLfs incubated in calcification medium and calcification medium with PFA was significantly higher than that in standard medium at all the experimental periods (Fig. 4B) . However, expression of Pit-1 and Pit-2 in calcification medium compared with that in calcification medium with PFA was not significant at all the experimental periods. These results suggested that expression of Pit-1 and Pit-2 from hPDLfs was not inhibited by PFA.
Effects of calcification medium and calcification medium with PFA on expression of osteoblast differentiation markers in hPDLfs.
Osteoblast differentiation marker genes were also examined with real-time RT-PCR. Expression of Runx2 from hPDLfs incubated in calcification medium was significantly higher than that in standard medium at all the experimental periods, and was significantly higher than that in calcification medium with PFA at 12 hours and 1 day (Fig. 5A) . Expression of Osterix from hPDLfs incubated in calcification medium was significantly higher than that in calcification medium with PFA at 1 day and 3 days (Fig. 5B) . Expression of COL1A1 from hPDLfs incubated in calcification medium was significantly higher than that in standard medium at 1 day, and was significantly higher than that in the other media at 3 days (Fig. 5C ). These results suggested that calcification medium induced the differentiation of hPDLfs to osteoblasts.
Discussion
We used three different sources of hPDLfs as materials that have been confirmed to have characteristics of PDL fibroblasts [23] [24] [25] . The hPDLFs commonly showed not only connective tissue markers but also osteogenic markers. These also showed a spindle-like shape when incubated in culture dishes (Fig. 1C) . These results indicate that the hPDLfs used in this study have the characteristics of PDLfs. The sodium-dependent phosphate cotransporters, Pit-1 and Pit-2 are distributed in a wide variety of tissues and play important housekeeping roles in cells. Uckert et al. reported that Pit-1 and Pit-2 are ubiquitously but differentially expressed in different tissues at the mRNA level 26) .
However, no report has shown the distribution of these proteins in periodontal tissues, including PDLfs. In this study, the expression of Pit-1 and Pit-2 in the hPDLfs was confirmed with RT-PCR, western blotting, and immunocytochemistry. Pit-1 and Pit-2 were located at cell membrane and nuclear membrane on the hPDLfs (Figs. 1D and F) .
PDLfs have the potential to differentiate into osteoblasts depending on the conditions in the environment 21, 22) . Using in vitro experiments, many researchers have demonstrated that human PDL cells produce mineral-like nodules after incubation in calcification medium, indicating differentiation of PDLfs into osteoblasts 18, 19) . In this study, mineral nodules were also deposited in extracellular areas in calcification medium (Figs. 3C and D) . This indicates that the hPDLfs had differentiated into osteoblasts only in calcification medium.
PFA is the specific inhibitor of Pi transport across cell membranes. The function of PFA was recognized as a competitive inhibitor of Pit-1 and Pit-2 27) . PFA inhibits the active, Na-gradient -dependent transport of Pi across cell membranes through the Pit-1 and Pit-2, and this inhibition is reversible, when the PFA is removed from the medium by washing. PFA usually has no effect on protein or RNA synthesis in cells, but high concentration of PFA may involve in the decrease in the activity of DNA polymerase 28, 29) . In this study, in order to determine the dose of PFA, the TUNEL assay was used to examine cell death of hPDLfs under different concentration of PFA in calcification medium (data not shown). As the results, calcification medium with 1.0 mM PFA was used in this study. Calcification medium induced the up-regulation of the expression of Pit-1 and Pit-2 at the mRNA level in hPDLfs. Calcification medium with PFA also induced the up-regulation of the expression levels of Pit-1 and Pit-2 in hPDLfs. In addition, the levels were not significantly different between two groups. These indicate that PFA has no influence on the expression of Pit-1 and Pit-2 in hPDLfs.
However, the intracellular concentration of Pi in calcification medium was significantly increased at 1 day experiment, as compared to those in standard medium and calcification medium with PFA. Pit-1 and Pit-2 are involved in the Pi transport across the membrane in hPDLfs. Considering the high expression levels of Pit-1 and Pit-2 at 12 hours, calcification medium firstly induced expression of Pit-1 and Pit-2 and then lead the high concentration of Pi in hPDLfs.
Furthermore, along with the increase in the concentration of Pi in the hPDLfs, the expressions of Runx2 and osterix, marker genes of osteoblasts, were significantly up-regulated in the hPDLfs in calcification medium and the expression of COL1A1 was also up-regulated. Consequently, calcification was occurred in the medium. These result suggest that intracellular Pi concentration in the hPDLfs is involved in the differentiation from the fibroblasts to osteoblasts, which is supported by the facts that calcification was not occurred in calcification medium with PFA, despite the increases in the expression of Pit-1 and Pit-2. Further study will be necessary to investigate the detailed mechanism of the differentiation.
In conclusion, the results indicate that the increase in the Pi concentration through Pit-1 and Pit-2 is play a critical role in the differentiation of PDLfs into osteoblasts.
